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Cx3cr1-deficient microglia exhibit a premature aging
transcriptome
Stefka Gyoneva1 , Raghavendra Hosur2, David Gosselin3, Baohong Zhang2, Zhengyu Ouyang3, Anne C Cotleur1 ,
Michael Peterson4 , Norm Allaire2, Ravi Challa2, Patrick Cullen2, Chris Roberts2, Kelly Miao1, Taylor L Reynolds4,
Christopher K Glass3,5 , Linda Burkly1, Richard M Ransohoff1
CX3CR1, one of the highest expressed genes in microglia in mice
and humans, is implicated in numerous microglial functions.
However, the molecular mechanisms underlying Cx3cr1 signaling
are not well understood. Here, we analyzed transcriptomes of
Cx3cr1-deficient microglia under varying conditions by RNA-
sequencing (RNA-seq). In 2-mo-old mice, Cx3cr1 deletion resul-
ted in the down-regulation of a subset of immune-related genes,
without substantial epigenetic changes in markers of active chro-
matin. Surprisingly, Cx3cr1-deficient microglia from young mice
exhibited a transcriptome consistent with that of aged Cx3cr1-
sufficient animals, suggesting a premature aging transcriptomic
signature. Immunohistochemical analysis of microglia in young
and aged mice revealed that loss of Cx3cr1 modulates microglial
morphology in a comparable fashion. Our results suggest that
CX3CR1 may regulate microglial function in part by modulating
the expression levels of a subset of inflammatory genes during
chronological aging, making Cx3cr1-deficient mice useful for
studying aged microglia.
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Introduction
Microglia are the parenchymal tissue-resident macrophages of the
central nervous system (CNS). They support brain development and
adult CNS homeostasis, functions which are often dysregulated in
acute or chronic neurological conditions (Xavier et al, 2014; Casano
& Peri, 2015; Ransohoff, 2016; Hickman et al, 2018; Thion et al, 2018b).
Deciphering how microglial phenotypes are regulated and dysre-
gulated is highly relevant for understanding and treating neuro-
developmental and neurodegenerative conditions.
The factors that regulate the microglial transcriptome under
homeostatic conditions are starting to emerge. Microglial identity
is conferred by their yolk-sac origin and the brain environment
(Bennett et al, 2018). The transcription factor Sall1 is essential for
the expression of microglia signature genes, which differentiate
microglia fromother tissuemacrophages andmyeloid cells (Buttgereit
et al, 2016). In multiple conditions, mouse microglia demonstrate a
core conserved reactive-state transcriptome, which is extensively
modified to yield disease-specific transcriptomes (Chiu et al, 2013;
Keren-Shaul et al, 2017; Friedman et al, 2018). Thus, microglia establish
and then alter their gene expression and function, based on contextual
cues that modulate the activity of an enhancer landscape, primed
through the action of lineage-determining transcription factors
(Holtman et al, 2017).
The chemokine (C-X3-C) motif receptor 1 (Cx3cr1) is highly expressed
in microglia. Genetic studies with deletion of one or both copies of
Cx3cr1, or its monogamous ligand Cx3cl1, have shown pleiotropic
roles for the receptor. Mice lacking Cx3cr1 expression show altered
brain development during embryogenesis, dysregulated neuronal
firing in the first few weeks after birth, and abnormal results in tests
designed to mimic sociopsychological behaviors (Paolicelli et al,
2011; Rogers et al, 2011; Zhan et al, 2014; Bolós et al, 2017). Moreover,
deletion of Cx3cr1 often affects outcomes in models of neuro-
degeneration, with both protective and detrimental effects reported.
For example, loss of Cx3cr1 is detrimental in the acute 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of Parkinson’s
disease and in tauopathies such as frontotemporal dementia, but
promotes amyloid clearance in models of amyloid β deposition
(Cardona et al, 2006; Bhaskar et al, 2010; Lee et al, 2010; Liu et al, 2010).
Both protective and detrimental effects have also been reported for
Cx3cr1 deletion in varied models of traumatic brain injury, including at
different time points in the same model (Febinger et al, 2015; Erturk
et al, 2016; Zanier et al, 2016). Finally, because of its high and consistent
expression, Cx3cr1 is also often used as a driver in reporter con-
structs, such as Cx3cr1-eGFP mice, or for Cre-mediated gene de-
letion (Jung et al, 2000; Goldmann et al, 2013; Parkhurst et al, 2013).
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Despite the importance of CX3CR1 for microglial function in the
dynamic contexts of development and disease, there is relatively little
understanding of how CX3CR1 regulates microglial function at the
molecular level. We performed a transcriptomic analysis of Cx3cr1-
deficient mice under varying conditions (peripheral immune chal-
lenge, across a span of ages and in both genders) to define how
transcriptional responses to diverse biological processes were af-
fected by loss of Cx3cr1. Our results indicate that CX3CR1 signaling
contributes to the regulation ofmicroglial morphology and a subset of
inflammatory genes. Importantly, loss of CX3CR1 signaling in young
mice resulted in a microglial transcriptome reminiscent of aged mice.
Results
Cx3cr1 deletion alters inflammatory gene expression in microglia
from young adult mice
We performed RNA-sequencing (RNA-seq) on isolated brain
microglia from young adult (2 mo) mice with variable Cx3cr1 ex-
pression: Cx3cr1+/+ (WT), Cx3cr1+/eGFP (Het), and Cx3cr1eGFP/eGFP (KO).
In WT mice, the microglial expression profile obtained here is
consistent with the published microglial transcriptomes (Table S1)
(Hickman et al, 2013; Butovsky et al, 2014; Zhang et al, 2014). To
examine the effect of Cx3cr1 deletion, we initially performed
principal component analysis (PCA). The samples separated well by
Cx3cr1 genotype on the first principal component (Fig 1A), showing
that Cx3cr1 expression is a main driver of variability between the
samples. In addition, there was a visible separation by gender
overall and within each of the genotypes, which was driving the
second component of the variability (Fig 1A).
We next identified differentially expressed genes (DEGs) by
performing pairwise comparisons between the genotypes. Using
the cutoffs described in the Methods, loss of Cx3cr1 resulted in
165 DEGs. Of these, 100 genes showed lower expression in Cx3cr1-
KO microglia, whereas 65 genes showed higher expression
(Table S2). Similarly, when comparing Cx3cr1-Het to WTmicroglia,
there were 55 genes with lower expression in Het animals and
only four with higher expression (Table S3). Importantly, most of
the genes differentially expressed between Het and WT microglia
were also differentially expressed between KO and WT microglia (Fig
1B), indicating that Cx3cr1-Het microglia exhibit an intermediate
transcriptional profile betweenWT and KOmicroglia (see also Fig 1A).
Unsupervised cluster analysis of the top 200 DEGs (by P-value)
showed a striking resemblance between the transcriptomes of
Cx3cr1-KO and -Het microglia (Fig 1C). Manual annotation of these
DEGs revealed that many of them encoded MHC class II genes (e.g.,
H2-Q10, H2-Aa, H2-Eb1, and H2-Ab1), chemokine receptors and li-
gands (Ccr3, Cxcr2, Ccr5, Ccr1, and Ccl9), proteases (Mmp25, Adam8,
Mmp9, and Ctsa), and other genes with immune function (Fcrl1,
S100a8, S100a6, S100a11, Lilra6, Lilrb1, and Fcrls). Although fewer
genes had higher expression in Cx3cr1-deficient microglia, some of
these included genes with pleiotropic functions such as Tnf, the
transcription factors Egr1 and Klf2, and the chemokine-like receptor
Ccr1l1. We confirmed the altered expression of selected genes by Cx3cr1
genotype using quantitative reverse transcriptase PCR (qRT-PCR) of
microglia sorted from a separate cohort of mice (Fig S1). Thus, homo-
zygous or heterozygous loss of Cx3cr1 signaling resulted in dysregulated
expression of a subset of genes associated with immune function.
A distinctive transcriptome (termed “signature”) differentiates
microglia from othermyeloid cells (Butovsky et al, 2014). Cx3cr1 deletion
showed only a minor effect on the expression of most signature genes
(Fig S2), and only a few microglia signature genes met the criteria for
differential expression between Cx3cr1-KO and WT microglia.
Active promoter landscapes do not explain transcriptomic
differences in microglia of Cx3cr1-deficient mice
We performed chromatin immunoprecipitation for RNA polymerase
II (Rbp2) followed by sequencing (ChIP-seq) to determine whether
changes in transcriptional activity indicated by Rbp2 binding ex-
plain the differential gene expression between Cx3cr1-WT and -KO
microglia. Unexpectedly, only 19 genes displayed differential binding
between WT and KO animals (Fig 2A and Table S4). Moreover, there
was no significant correlation between fold changes seen by RNA-
seq and ChIP-seq (Fig 2B). These findings were corroborated by
minimal changes in open chromatin landscapes assessed by
H3K27Ac ChIP-seq (Fig 2C and Table S5).
It is worth noting that many of the genes showing higher Pol–II
binding in WT mice appear to be involved in transcription regu-
lation or RNA stability, such as Klhl42 and Auh (Fig 2D). Moreover,
Tnf, a classical inflammatory gene, had higher expression in Cx3cr1-
KO microglia by RNA-seq and a trend for differential Rbp2 binding
by ChIP-seq (irreproducible discovery rate [IDR] = 0.0553; Fig 2D). In
summary, differences between Cx3cr1-WT and -KO microglia are
likely to be determined by posttranscriptional mechanisms, but
transcriptional regulation, particularly for genes whose products
regulate mRNA stability and exert wide transcriptomic effects, may
also play a small part in the transcriptomic phenotype variation.
Cx3cr1 and LPS regulate different transcriptional programs in
microglia
Because many of the genes altered by Cx3cr1 deletion in microglia
are immune-related (Fig 1C), we hypothesized that Cx3cr1 deletion
will modulate the transcriptional response of microglia to an acute
systemic inflammatory challenge such as i.p. lipopolysaccharide
(LPS) injection. The LPS treatment (1 mg/ml, 24 h) induced a strong
transcriptional response in both peritoneal cells and in microglia,
resulting in 5,362 and 5,084 DEGs, respectively. This was visible by
PCA, where LPS and saline samples formed distinct clusters (Fig 3A
and B). However, there was no visible effect of Cx3cr1 genotype on
the PCA plots, even when only microglia were examined (Fig 3B).
Similar results were obtained with hierarchical clustering analysis
(Fig S3). Only 14 genes met our criteria for differential expression by
Cx3cr1 genotype in microglia from LPS-injected mice (Table S6). Yet,
some of the genes affected by Cx3cr1 deficiency in microglia from
LPS-injected mice included up-regulation of Adora1 and Klf2 and
down-regulation of Ninj1 (Fig 3C), which could mediate subsequent
functional effects. Thus, Cx3cr1 deletion did not strongly affect the
transcriptional response of microglia to a single acute systemic LPS
treatment.
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Figure 1. Cx3cr1 loss alters the transcriptome of microglia from 2-mo-old mice.
Microglia were isolated from 2-mo-old Cx3cr1+/+ (WT, n = 8), Cx3cr1+/eGFP (Het, n = 5), or Cx3cr1eGFP/eGFP (KO, n = 8)mice. The RNA isolated frommicroglia of eachmouse was
used to generate an individual RNA-seq data set. (A) The PCA indicates that the samples separate by genotype in the first principal component and gender in the second.
Each dot represents microglia from an individual mouse. (B)Most of the genes differentially expressed between Het and WT microglia are also differentially expressed by
KO andWTmicroglia. (C) Unsupervised cluster analysis of the top 200 DEGs inmicroglia from 2-mo-old WT (n = 8), Het (n = 5), or KO (n = 8) mice. Most DEGs are expressed
at lower levels in Het and KO samples compared to WT samples. Selected genes and the pathways they are associated with (manual annotation) are represented in
different colors.
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The transcriptome of young Cx3cr1-deficient mice resembles that
of aged WT mice
Age is the dominant risk factor for neurodegenerative diseases and
also alters the microglial transcriptome both in mice and humans
(Grabert et al, 2016; Olah et al, 2018). To examine how Cx3cr1 deficiency
affects microglial transcriptomes during aging, we isolated microglia
from young adults (2 mo), middle-aged (1 yr), and aged (2 yr) Cx3cr1+/+,
Cx3cr1+/eGFP, and Cx3cr1eGFP/eGFP mice. Fewer live microglia were re-
covered from agedmice, independent of genotype (Fig 4A). There was
a visible separation by age in the PCA (Fig 4B), highlighting the im-
portance of age in regulating microglial transcriptome. In microglia
from WT mice, we detected 1,082 DEGs between 1-yr- and 2-mo-old
mice, 2,046 DEGs between 2-yr- and 2-mo-old mice, and the sig-
nature was consistent with previous studies (Tables S7 and S8). By
contrast, KO microglia showed 706 DEGs between 1-yr- and 2-mo-
old mice and 1,312 DEGs between 2-yr- and 2-mo-old mice (Tables
S9 and S10). The genotype difference appeared to grow smaller with
age, being less detectable by PCA in aged mice (Fig 4B). When 2-yr-
old mice were examined, the separation by genotype was still
evident (Fig 4C) despite a reduced number of genotype-regulated
DEGs (Tables 1 and S11). It is worth noting that there was substantial
overlap in the age-dependent DEGs between WT and KO microglia
(Fig 4D).
We hypothesized that Cx3cr1 deletion might modify the tran-
scriptomeofmicroglia fromyoungermice to resemble that ofmicroglia
from aged mice. To address this possibility, we performed unsuper-
vised cluster analysis (Fig 5). In microglia from 2-mo-old mice, the
samples separated by genotype, with Het mice displaying an in-
termediate gene expression between WT and KO mice, recapitulating
our earlier results (Fig 1C). In oldermice,WT andHet samples fromboth
1-yr- and 2-yr-old mice were grouped together, and KO samples from
1-yr- and 2-yr-oldmice were grouped together. At these older ages, WT
and Het appeared more similar than either of the genotypes to KO.
Importantly, there was a large cluster of genes—all of which were
down-regulated compared with young WT microglia—that showed
very similar expression between 2-mo-old Het and KO microglia and
older mice of any genotype. Genes within this category included
many genes that we had already identified as down-regulated by
Cx3cr1 deletion in 2-mo-oldmice, such asMHC class II (H2-Q10,H2-Aa,
H2-Eb1, andH2-Ab1), chemokine receptors (Ccr3 and Ccr5), Clu,Mmp9,
and Lyz2. Thus, the absence of a single copy of Cx3cr1 at young age
results in a transcriptome comparable with that of aged microglia.
Additional clusters of genes were up-regulated with aging but
showed highest expression in aged KO microglia. Noteworthy genes
in these clusters included Adora1, Cd34, H2-Dma, and Tnf. The
widespread dysregulation of immune genes by Cx3cr1 deletion was
also confirmed by gene ontology analysis (Table 2).
We also performed unsupervised cluster analysis using the top 200
DEGs betweenWT 2-yr versus 2-momicroglia rather than the genotype-
regulated DEGs (Fig S4). Using this gene list, the samples clearly
clustered by age. Genes in the pathways regulated by Cx3cr1 loss,
namely MHCII genes, chemokines and chemokine receptors, and
inflammatory genes were also regulated by age, as has been shown
before (Grabert et al, 2016). Moreover, although the clustering by
genotype was not as obvious within this aging transcriptome, there
Figure 2. Active promoter landscape of Cx3cr1-KO and –WT samples shows minor differences in Rbp2 binding.
Microglia were isolated from 2-mo-old Cx3cr1+/+ (WT) or Cx3cr1eGFP/eGFP (KO) mice, pooling brains from three gender-matched mice to obtain samples for
chromatin immunoprecipitation followed by sequencing. (A) ChIP-seq for Rbp2, a mark of actively transcribed genes, indicates few significant differences between
the genotypes. Only genes with at least four sequencing reads in at least one of the genotypes are shown, with genes reaching statistical significance highlighted in
blue. (B) There is minimal correlation between mRNA expression (fold change determined by RNA-seq) and active transcription (Rbp2 binding determined by
ChIP-seq). Genes with fold change > |1.5| are highlighted in coral. (C) ChIP-seq for H3K27Ac, a mark of open and active chromatin, indicates few significant differences
between the genotypes. Only genes with at least four sequencing reads in at least one of the genotypes are shown, with genes reaching statistical significance
highlighted in blue and coral. (D) The UCSC browser snapshots of Rbp2 binding for selected genes. Exons are represented by boxes, and direction of transcription
is indicated by arrows in introns.
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appeared to be a grouping of WT and Het samples in 2-mo-oldmice,
which was lost on the aged mice. These results support our finding
that Cx3cr1 loss and aging modulate the expression of similar genes
and pathways.
Although sample separation by gender was evident at all time
points (Fig 4B), it was especially visible in microglia from 2-yr-old mice
where it drove some of the primary variability component (Fig 4C).
Indeed, the number of gender-regulated DEGs increased with age,
peaking at 1 yr, but remained high in microglia from 2-yr-old mice
(Tables 1 and S12). In microglia from 2-yr-old mice, almost all of the
gender-biased DEGs showed higher expression in females than in
males, regardless of Cx3cr1 genotype, so that the samples primarily
clustered by gender, but not by genotype (Fig 6). These gender-biased
DEGs included many genes with immune functions, such as Csf1,
Nfkb2, Tlr2, Cxcl16, Cxcl14, Itgax, Ccl4, Ccl3, and Tlr7, all of which are
different from the genotype- and age-regulated DEGs mentioned
above. The validity of the analysis was confirmed by showing
differential expression of the sex chromosome genes (Fig 6).
Cx3cr1 deletion alters microglial morphology in young mice
Microglial morphology is often used to infer information about
microglial reactivity. Thus, we extended our analysis by examining
whether Cx3cr1 deficiency affected microglial morphology in young
Figure 3. Loss of Cx3cr1 does not affect microglial transcriptional response to LPS.
2-mo-old Cx3cr1+/+ (WT, n = 7), Cx3cr1+/eGFP (Het, n = 6), or Cx3cr1eGFP/eGFP (KO, n = 6) mice were injected with 1 mg/kg LPS i.p. (or saline control, four WT and three KO
animals only). Twenty-four hours later, peritoneal cells were collected, and microglia were sorted from isolated brains. Both cell populations were used for RNA-seq.
(A) PCA of all samples. Each dot within a cell type represents an individual animal, but there are matched microglia and peritoneal cells from the same animal. Samples,
coded based on the cell type (open or solid fill), genotype (color), and treatment (symbol), separate by cell type and treatment. (B) The PCA of microglia only shows
separation by treatment, but not genotype in LPS-injected mice. Samples are coded by gender (open or solid fill), genotype (color), and treatment (symbol).
(C) Expression of selected genes that are modulated by Cx3cr1 genotype after LPS injection.
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(2 mo) or old (18–24 mo) mice by quantitative morphometry, using
immunohistochemistry for Iba1, a cytosolic marker, to delineate the
cells. Microglia in the cortex (Ctx) (Fig 7A), hippocampus (HC) (Fig
S5A), and striatum (Str) (Fig S5B) displayed a ramified morphology
across all ages and genotypes, in both male and female mice. By
contrast, cerebellar (Cbm) microglia appeared less ramified than in
other brain regions in both genotypes (Fig 7B).
We next quantified themicroglial cell number andmorphology in
the various brain regions. Because there were only modest dif-
ferences (Fig S6), we pooled the genders for analysis. The microglial
number was not significantly affected by genotype in the cortex,
striatum, or HC (Figs 7C and S5C and D). With respect to morphology
in the cortex, young Cx3cr1-deficient microglia had significantly
decreased total Iba1 area, Iba1 area in processes directly connected
to cell bodies, and process perimeter compared with those found in
WT mice (Fig 7C), which could be explained by thinner microglial
processes in young KOmice. There was a significant effect of age for
the microglial process area between young and old mice, but the
genotypes were no longer different in aged mice (Fig 7C), which is
consistent with the reduced number of transcriptional changes
between aged WT and KO microglia. Similar results were also
detected in the HC and striatum: young KO microglia generally
showed reduced Iba1 process area and/or perimeter, which in-
creased with age, but these patterns were lost in the aged microglia
(Fig S5C and D).
In the cerebellum (Fig 7D), there was a significant increase in
microglial numbers in aged mice in both genotypes. Microglial
morphology accessedby the total Iba1 area and cell body–associated
Iba1 dendritic process area and perimeter in the cerebellum was
much lower than in the cortex, consistent with less ramifiedmicroglia
in this brain region (Ayata et al, 2018). The cerebellar process area
and perimeter were significantly increased in old mice of either
Figure 4. Effect of aging and Cx3cr1 deletion on microglial transcriptome.
Microglia were isolated from 2-mo-, 1-yr-, or 2-yr-old Cx3cr1+/+ (WT), Cx3cr1+/eGFP (Het), or Cx3cr1eGFP/eGFP (KO) mice. (A) Fewermicroglia were recovered from 2 yrmice, but
the recovery was independent of genotype. (B, C) RNA-seq was performed on all samples together. Each symbol representsmicroglia from an independent animal. (B) The
PCA for all samples suggests separation by age as the primary factor driving variability, with genotype second and gender third (B). (C) For microglia from 2-yr-old mice (C),
the samples separate by genotype and by gender within each genotype. (D) Overlap of DEGs between 2-yr and 2-mo microglia in WT and in KO mice. There is a large
amount of shared DEGs between the genotypes.
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genotype (Fig 7D), but were not different between the genotypes.
This finding was mainly attributable to dense immunoreactivity
around the nucleus of reactive-appearing, amoeboid cells in both
genotypes (Fig 7B). Interestingly, clusters of microglia were readily
detectable in the cerebellum of old mice, except for male Cx3cr1-WT
mice (Fig 7B).
Discussion
Here, we analyzed how Cx3cr1 deletion affects microglial tran-
scriptome and morphology. We characterized the effects of Cx3cr1
deficiency in multiple contexts, including gender, inflammatory
challenge with i.p. LPS, and aging. We show that in microglia from
young mice, loss of Cx3cr1 alters the expression of a subset of
immune-related genes, with most being down-regulated. Although
inflammatory challenge with LPS elicits transcriptional changes in
microglia, there is very little overlap with the changes caused by
Cx3cr1 deletion. Notably, aging and Cx3cr1modulate the expression
of a similar set of genes, most of which are down-regulated, with
Cx3cr1 deficiency accelerating the temporal trajectory of change.
Finally, histological analysis of microglia showed age-dependent
alteration of microglial morphology in Cx3cr1-deficient mice.
Accelerated aging transcriptome mediated by deficient Cx3cr1
signaling in Cx3cr1eGFP/+ and Cx3cr1eGFP/eGFP mice
Aging is the most salient and universal risk factor for virtually all
neurodegenerative diseases.Microglia undergo substantial changes in
gene expression and morphology with age (Poliani et al, 2015; Grabert
et al, 2016; Olah et al, 2018), but it is not known whether the changes in
microglia occur as a consequence of aging or help drive the process.
Interestingly, the genotype-driven transcriptional changes we saw
between Cx3cr1-KO versus WT and Cx3cr1-Het versus WT microglia at 2
mo of age closely resembled the age-related variation seen between
microglia from 2-mo- and 2-yr-old WTmice (Figs 4 and 5). Importantly,
the gene expression changes we describe here are consistent with
those reported in aged human microglia (Olah et al, 2018).
It has been reported that CX3CL1 mRNA and protein expression
decrease in the aged rodent brain (Lyons et al, 2009; Bachstetter
et al, 2011), suggesting that reduced CX3CL1-CX3CR1 signaling may
contribute to the transition of microglia to an aged phenotype.
Indeed, Kl (Klotho) is down-regulated in Cx3cr1-deficient microglia,
and Klotho protein has been linked to aging and homeostatic
support of brain function (Kuro-o et al, 1997). In addition, lack of
Cx3cr1 expression reduces adult neurogenesis in the HC and
olfactory bulb, and impairs the integration of newborn neurons
(Bachstetter et al, 2011; Rogers et al, 2011; Xiao et al, 2015; Sellner
et al, 2016; Reshef et al, 2017). Similar changes in neurogenesis
occur in aging as well, and are partially reversed by exogenous
administration of CX3CL1 (Bachstetter et al, 2011), suggesting that the
altered microglial function in Cx3cr1-KO mice impairs neurogenesis.
The finding that Cx3cr1 deletion induces similar transcriptional
changes in microglia as does aging provides cues to the potential
function of CX3CR1. Its activity could be required to maintain ho-
meostatic microglial functions associated with healthy young adult
microglia. In this context, deficient Cx3cr1 signaling may provide a
useful surrogate formicroglial phenotypes associatedwith aging. The
use of Cx3cr1-KO animals as an “isochronic” aging model may be
advantagous over established senescence models in that it avoids
the widespread systemic changes seen in othermodels and can help
isolate potential roles of microglia.
Haploinsufficiency of Cx3cr1 loss
Using Cx3cr1-eGFPmice (Jung et al, 2000), we determined that loss of a
single copy of Cx3cr1 alters themicroglial transcriptome at 2mo of age.
Virtually all genes that show differential expression betweenmicroglia
from Het and WT mice are also significantly different between KO and
WT mice (Fig 1B), and some DEGs showed intermediate expression in
Het microglia compared with WT and KO (Fig 1C). Thus, microglia
heterozygous for Cx3cr1 exhibit functional haploinsufficiency.
Manual annotation of DEGs suggests that antigen presentation in
response to pathogen invasion and chemokine–chemokine receptor
signaling were strongly affected by loss of Cx3cr1 (Fig 1C), which was
confirmed by gene ontology analysis (Table 2). These findings were
surprising because deletion of Cx3cr1 consistently enhanced in-
flammatory responses in CNS disease models (Cardona et al, 2006;
Bhaskar et al, 2010; Lee et al, 2014). Reassuringly, our results with
isolatedmicrogliawere consistent with analysis of gene expression in
hippocampal lysates from WT or Cx3cr1-deficient mice (Rimmerman
et al, 2017). Taken together, results of our present transcriptomic
analysis, in the context of previous functional studies of Cx3cr1
deficiency in development, disease models, and aging, suggest that
examination of the “usual suspects” among myeloid innate-immune
genes that exert prominent functions in the periphery carries little
explanatory power for attributes of microglia in the intact CNS.
Many investigators use Cx3cr1+/−mice as “wild type” controls for their
studies, in part because of the convenience of the reporter and also
because Cx3cr1 regulatory elements are used to drive Cre recombinase
for gene targeting (Jung et al, 2000; Goldmann et al, 2013; Parkhurst et al,
2013). In CNS disease models, mice deficient for only one copy of Cx3cr1
will unpredictably either showphenotypes similar toWTmice (Fumagalli
et al, 2013) or intermediate between WT and KO (Lee et al, 2010; Rogers
et al, 2011). It is worth noting that the effect of loss of Cx3cr1 changeswith
activation or age as WT and Het samples cluster closer to each other in
old mice (Fig 5). Our data indicate that Cx3cr1 genotype should be taken
into consideration during experimental design.
An important caveat of our study is that we used transgenic
mice that are germline and globally deficient for Cx3cr1. Although
cellular expression of Cx3cr1 is highest for microglia, there is also
robust Cx3cr1 expression by varied subsets of peripheral immune
cells and other CNS-associated macrophages (Jung et al, 2000).
Table 1. Number of differentially regulated genes by age.
Comparison
2 mo 1 yr 2 yr
Up Down Up Down Up Down
KO versus WT 65 100 23 6 3 14
F versus Ma 4 5 66 6 42 2
aWT mice only.
Only genes with FDR < 0.05, fold change > 30%, and average expression > 4
TPM were considered.
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Figure 5. Young Cx3cr1-deficient mice display a premature aging phenotype.
Microglia were isolated from 2-mo-, 1-yr-, or 2-yr-old Cx3cr1+/+ (WT), Cx3cr1+/eGFP (Het), or Cx3cr1eGFP/eGFP (KO) mice and used for RNA-seq analysis, followed by
quantification and unsupervised hierarchical clustering for the top 100 DEGs (KO versus WT, by P-value) at each time point, resulting in a combined list of 254 genes. In
2-mo-old mice, the samples separate by genotype, whereas in older mice, they first separate by age and then genotype. Overall, 2-mo-old Cx3cr1-Het and KO microglia
resemble aged mice of any genotype. Some genes increase with both age and Cx3cr1 deletion and show the highest expression in aged Cx3cr1-KO microglia.
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Furthermore, peripheral CX3CR1 can affect brain processes, such as
cognition and memory (Garre´ et al, 2017). CX3CR1 is involved in in-
testinal macrophage sensing of themicrobiota (Niess et al, 2005), and
gross disruption of the microbiota can affect microglial tran-
scriptomes (Erny et al, 2015; Thion et al, 2018a). In light of these
considerations, themicroglial transcriptomic phenotypes observed in
Cx3cr1-deficient mice could be governed in part by loss of peripheral
Cx3cr1 or loss of Cx3cr1 in the CNS-associatedmacrophages. Mice that
enable conditional deletion of Cx3cr1 are not currently available.
Moreover, we cannot rule out the possibility that loss of Cx3cr1
may affect our ability to recover microglia from all conditions with
equal efficiency. As such, the transcriptomes we report here may not
be generalizable to the whole microglial population in situ in the
brain. Yet, both histology (Fig 7) and RNA-seq analysis (Fig 1) suggest
that microglia from Cx3cr1-deficient animals show a reduced in-
flammatory response, supporting the validity of our observations.
Female gender and peripheral LPS modulate immune gene
expression in microglia independently of Cx3cr1 genotype
Although gender exerted an effect on gene expression in microglia
from young adults (2-mo-old mice, Fig 1A), it was evenmore notable
in microglia from 2-yr-old mice by PCA (Fig 4C), long after re-
productive senescence. Interestingly, gender-biased genes in old
mice were related to immune function, but were distinct from those
immune genes regulated by Cx3cr1 genotype. Microglial immune
genes typically showed higher expression in females (Fig 6 and
Table S10). In this regard, a sexually dimorphic microglial devel-
opment index has been calculated, based on genes that increased
in expression during development from E18 to P60 (Hanamsagar
et al, 2017). Our results confirm and extend this concept: first,
microglial immune gene expression changes during development
(Hanamsagar et al, 2017) and in aging (this study); second, females
show higher expression of immune-related pathways. Consider-
ing common gender bias in the incidence of neurodevelopmental
and neurodegenerative conditions and the emerging importance
of gender differences in the role of microglia in response to
multiple perturbations (Sorge et al, 2015; Hanamsagar et al, 2017;
Thion et al, 2018a), an in-depth examination of gender differences
is warranted, but beyond the scope of this study.
In this study, Cx3cr1 genotype did not affect the microglial re-
sponse to peripheral LPS (Fig 3 and Table S5). It should be noted that
daily injections of i.p. LPS for 4 d induce more neuronal death in
Cx3cr1eGFP/eGFP mice than in Cx3cr1+/eGFP mice (Cardona et al, 2006).
This LPS injection paradigm differs from the one we used and
generates a different activation status in microglia (Wendeln et al,
2018). Although Cx3cr1 is dispensable for the microglial transcrip-
tional response to a moderate dose of LPS at 24 h after injection, the
Table 2. Gene ontology pathways common to DEGs overtime.
Pathway
2 mo 1 yr 2 yr
No. of up No. of down No. of up No. of down No. of up No. of down
1 Immune response 14 34 8 9 12 11
2 Transcription factor binding 27 5 4 2 4 19
3 Regulation of immune response 11 27 9 4 12 9
4 Regulation of response to external stimulus 11 25 5 8 6 14
5 Positive regulation of the immune system process 16 28 10 4 12 11
6 External side of the plasma membrane 3 20 5 6 5 12
7 Leukocyte migration 5 16 1 5 3 6
8 Vacuole 15 14 9 6 15 8
9 Regulation of cell activation 9 24 7 6 10 9
10 Lysosome 14 14 8 6 13 6
11 Cell migration 18 26 7 5 9 16
12 Response to wounding 14 27 7 6 12 11
13 Endosome 15 24 5 9 12 15
14 Carbohydrate binding 4 23 2 1 3 7
15 Leukocyte chemotaxis 2 12 0 4 2 5
16 Regulation of lymphocyte activation 8 20 7 5 8 7
17 Regulation of defense response 9 22 2 5 4 10
18 Regulation of locomotion 14 21 7 6 7 14
19 G-protein–coupled peptide receptor activity 2 11 2 4 2 5
20 Regulation of cell migration 13 19 7 6 7 14
Top 20 pathways affected by Cx3cr1 genotype (KO versus WT) are shown, with the number of genes up-regulated or down-regulated at each time point.
Pathways showed an overall increase (tan highlight) or decrease (blue highlight) in expression. Only genes with FDR < 0.05, fold change > 30%, and average
expression > 4 TPM were included in the enrichment analysis.
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augmented up-regulation of Klf2, among other genes, could mediate
durable functional responses by microglia (Das et al, 2006; de Bruin
et al, 2016; Roberts et al, 2017). In addition, Cx3cr1-KO microglia failed
to up-regulate the adhesion molecule Ninj1 after LPS, which could
play a role in the neuronal cell death after recurrent systemic LPS
treatment (Araki & Milbrandt, 1996; Cardona et al, 2006).
Loss of Cx3cr1 results in altered microglial morphology in young
mice
We extended our characterization of the effects of Cx3cr1 deletion on
microglia by analyzing the morphology of Iba1-immunoreactive cells
(Fig 7). Microglia in the cortex, striatum, and HC of youngmice showed
Figure 6. Increased inflammatory gene expression in microglia from 2-yr female mice.
Quantification and unsupervised hierarchical clustering for microglia from 2-yr-old Cx3cr1+/+ (WT, n = 9), Cx3cr1+/eGFP (Het, n = 8), or Cx3cr1eGFP/eGFP (KO, n = 11) mice
highlights a strong effect of gender on gene expression in old mice. The samples primarily separate by gender and not Cx3cr1 genotype. Selected genes and associated
pathways (manual annotation) are represented in different colors.
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Figure 7. Cx3cr1 deletion alters microglial morphology in young and aged mice.
(A, B) Representative images of brain sections from the cortex (A) or cerebellum (B) of young (2 mo) or old (18–24 mo) Cx3cr1+/+ or Cx3cr1eGFP/eGFP male or female mice
immunoreacted with anti-Iba1 (purple) and anti-Pu.1 (brown). Note the overall different microglial morphology in the cerebellum in both young and old mice compared
with the cortex. Many microglial clusters were detectable in the cerebellum of old animals of either genotype. Scale bar: large image, 200 μm; inset, 50 μm. (C, D)
Quantification of microglial cell numbers and morphology in the cortex (C) and the cerebellum (D). Microglial cell numbers were quantified as the number of Pu.1-
positive nuclei per unit area. Microglial morphology was assessed as the total Iba1 immunoreactive area per Pu.1+ nucleus, dendritic process area per Pu.1+ nucleus, and
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reduced ramification assessed by the reduced Iba1 process area and
perimeter in Cx3cr1-KO mice compared with -WT mice (Figs 7A and C
and S5). Lower microglial ramification is often considered a sign of
homeostatic microglia or reduced reactivity, which is consistent with
the reduced expression of inflammatory genes we observed by RNA-
seq (Fig 1). In addition, we detected an age-associated increase in the
Iba1 process area and/or perimeter inmost brain regions (Figs 7C andD
and S5C and D), consistent with a more inflammatory microglia at this
time point (Grabert et al, 2016).
Although morphology does not exhibit a direct relationship to
defined microglial transcriptomes, our observations suggest that
transcriptomes can correlate with other physiological attributes.
Specifically, both RNA-seq and immunohistochemistry detected a
difference between Cx3cr1-WT and -KO microglia in young mice.
Conclusions
Only by examining the effect of Cx3cr1 loss undermultiple conditions,
we were able to understand the interaction of multiple factors in
shaping microglial transcriptomes. Here, we show that loss of Cx3cr1
alters the microglial transcriptome, especially affecting the expres-
sion of certain immune pathways (MHC II genes, chemokines and
chemokine receptors, and transcriptional factors). The changes we
detected in young Cx3cr1-KO versus Cx3cr1-WT mice were strikingly
similar to those seen in Cx3cr1-WT aged versus young mice, sug-
gesting that loss of Cx3cr1 accelerated microglial aging.
Materials and Methods
Mice
All procedures were reviewed and approved by the Institutional
Animal Care and Use Committee at Biogen. Cx3cr1-deficient mice, in
which both copies of Cx3cr1 are disrupted by the gene for eGFP (Jung
et al, 2000), were initially obtained from The Jackson Laboratory and
then bred to maintain them on the C57Bl/6J background. All mice
used in the current manuscript are littermate controls derived from
Cx3cr1+/eGFP crosses. The mice were maintained on a normal diet in
a 12-h light/dark cycle. Approximately five mice were used per
group (per gender, age, genotype, and treatment). Generally,
microglia isolated from individual mice were treated as individual
samples. For ChIP-seq analysis, microglia from three mice (gender-
matched) were pooled to obtain individual samples.
For some experiments, mice were injected with 1 mg/kg LPS
derived from Escherichia coli strain O111:B4 and euthanized 24 h
later for peritoneal cell and microglia isolation. Control mice re-
ceived saline injections.
Microglia isolation
Except for mice used for the LPS study, mice were deeply anes-
thetized with 10mg/kg ketamine, 30mg/kg xylazine until they failed
to respond to toe pinch, and transcardially perfused with cold PBS.
Mice for the LPS study were euthanized by CO2 asphyxiation,
peritoneal cells were isolated by flushing the peritoneal cavity with
cold PBS, and then perfused. In all cases, the brain was then
isolated and stored in PBS on ice until processing. Brains were
processed in sets of 5–7 per day; each day contained a mixture of
genotypes and experimental conditions (e.g., saline/LPS). Se-
quencing results showed no batch effects based on processing
days (data not shown).
All subsequent steps were performed on ice. After isolation,
whole brains were finely minced with a razor blade and transferred
to 15-ml polypropylene conical tubes containing 3 ml accutase
enzyme (SCR005; Millipore). The samples were incubated for 30 min
at 4°C to allow tissue dissociation. This was followed by manual
pipetting consecutively with 5-ml serological pipette and a 1-ml
pipette tip to complete the homogenization. The supernatant
containing single-cell suspension was passed through a 250-μm
filter in a clean 15-ml conical tube, and the tubes were filled with
HBSS supplemented with 25 mM Hepes and centrifuged at 600g for
5 min. The cell pellet was resuspended in FBS, and the volume was
adjusted to 10 ml with isotonic 33% Percoll (17-0891-01; GE Health-
care) and centrifuged at 800g at room temperature for 15minwith no
brake. The myelin layer was first aspirated from the top, and then
the isolated cells collected from the bottom of the tube. The cells
were washed in FACS buffer (HBSS containing 1% bovine serum
albumin, 25 mM Hepes and 2 mM EDTA) and stained for microglial
markers.
Once single cell suspensions were obtained, the samples were
blocked with anti-mouse CD16/CD32 (clone 93, 101321; BioLegend,
1:400final concentration) for 10minon ice and stainedwith anti-mouse
CD11b-PECy7 (clone M1/70, 25-0112-82; eBioscience, 1:100 final con-
centration) andanti-mouseCD45-BV605 (clone30-F11, 103139; BioLegend,
1:100 final concentration) for 30 min on ice. Staining antibodies were
washed away with FACS buffer. Right before sorting, Draq7 (424001;
BioLegend, 1:200 final concentration) was added to the cells to exclude
dead cells. Sorting was performed on a BD Aria Fusion cell sorter
equipped with four lasers: 405 nm violet (85 mW), 488 nm blue (50 mW),
561 nmyellow-green (50mW), and 640 nm red (100mW). Detectionfilters
were 780/60 (LP735) for PE-CY7, 610/20(595LP) for BV605, and 780/60
(735LP) for DRAQ7. The cell suspension was sorted with an 85-μmnozzle
at 45 PSI pressure. Cells were sequentially gated on FSC-A/FSC-H and
SSC-A/SSC-H to select singlet events, followed by dead cell exclusion
with DRAQ7. The final sort gate selected CD11b+CD45lo events. Post-sort
purity analysis included DRAQ5 (424101; BioLegend) for evaluating
dendritic process perimeter per Pu.1+ nucleus. Only processes attached to nuclei were included in the dendritic process calculations. Statistics: two-way ANOVA (for
genotype and age) and Tukey’s post hoc test. Only select significant intergroup comparisons are shown. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Ctx cell number:
genotype: F(1,32) = 4.892, P = 0.0342; age: F(1,32) = 0.0001061, P = 0.9918; interaction: F(1,32) = 0.61, P = 0.4405. Ctx Iba1 area: genotype: F(1,32) = 8.461, P = 0.0065; age: F(1,32) =
3.225, P = 0.0820; interaction: F(1,32) = 2.182, P = 0.1494. Ctx process area: genotype: F(1,32) = 9.908, P = 0.0035; age: F(1,32) = 5.665, P = 0.0234; interaction: F(1,32) = 3.165, P =
0.0847. Ctx process perimeter: genotype: F(1,32) = 11.31, P = 0.0020; age: F(1,32) = 2.868, P = 0.1000; interaction: F(1,32) = 2.777, P = 0.1054. Cbm cell number: genotype: F(1,32) =
4.982, P = 0.0327; age: F(1,32) = 31.08, P < 0.0001; interaction: F(1,32) = 1.119, P = 0.2817. Cbm Iba1 area: genotype: F(1,32) = 2.602, P = 0.1165; age: F(1,32) = 6.502, P = 0.0158;
interaction: F(1,32) = 0.6807, P = 0.4154. Cbm process area: genotype: F(1,32) = 0.5592, P = 0.4601; age: F(1,32) = 113, P < 0.0001; interaction: F(1,32) = 2.322, P = 0.1374. Cbm
process perimeter: genotype: F(1,32) = 0.5271, P = 0.4731; age: F(1,32) = 118.5, P < 0.001; interaction: F(1,32) = 2.745, P = 0.1073.
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nucleated events; microglial purity was generally over 90% of nucleated
events. The cells weremaintained, chilled during the sort, and stored on
ice. After sorting, the sampleswere spun down at 800g for 5min to pellet
the cells. The cell pelletwas either processed right away for RNA isolation
or frozen at −70°C.
For samples used for ChIP-seq, cells from three gender-matched
animals were pooled together in one sample after staining and
fixed in 1% paraformaldehyde for 10 min at room temperature, as
described before (Gosselin et al, 2014). The cells were maintained in
FACS buffer containing 1 mM sodium butyrate after fixation and
after sorting. Cell pellets were frozen at −70°C until needed for ChIP-
seq library preparation.
Peritoneal cells obtained from LPS-injected mice were not
sorted. After washing with HBSS containing 25 mM Hepes, the cell
pellets were processed for RNA isolation.
RNA isolation and RNA-seq library preparation
The RNA (containing microRNAs) was isolated with the QIAGEN
Universal AllPrep kit (80004; QIAGEN) according to the manufac-
turer’s instruction. The RNA samples were treated on the column
with DNAse I (79254; QIAGEN) to remove potential DNA contami-
nation. The RNA concentration was quantified with the Quant-iT
RiboGreen reagent (MP11490; Molecular Probes). The RNA quality
was determined on a bioanalyzer with the RNA Pico 6000 kit (5067-
1513; Agilent), according to the manufacturer’s instructions.
Because of the low RNA content of microglia and our desire to
use each animal as an individual sample, we used low RNA input
protocols for RNA-seq library preparation. The cDNA for RNA-seq
libraries was prepared using 10 ng of RNA using the SmartSeq v4
Ultra Low RNA Input Library preparation protocol (634889; Clontech)
according to the manufacturer’s instruction. The cDNA (250 ng
starting material) was then tagged and fragmented with the Nex-
teraXT DNA Library Preparation kit (FC-131-1024; Illumina) according
to the manufacturer’s instructions. Quality of amplified cDNA and
fragmented libraries was assessed on a bioanalyzer with the High
Sensitivity DNA chips (5067-4627; Agilent). Tagged libraries were
pooled (8 nM total DNA) and sequenced on an Illumina HiSeq2500
sequencer, with a target depth of 20 million of 50 bp paired end
reads. Quality control was performed using an Illumina’s Base-
Space run summary tool.
Although microglial RNA samples for the aging study were ob-
tained at different times, all libraries were prepared together to
reduce batch effect in sequencing. It should be noted that the
samples from 2-mo-old mice were used twice for sequencing—as a
standalone set and as part of the aging study. The results from the
two sequencing runs correlated very well with each other.
For LPS-injected mice, RNA from peritoneal cells (containing
mostly peritoneal macrophages and B cells) was also subjected to
sequencing, to confirm the peripheral effect of the LPS injections.
The RNA-seq libraries were prepared with 8 ng RNA as the starting
material for both peritoneal cells and matched microglia from the
same animals to allow direct comparison of the cell types.
To validate the expression of selected genes by qRT-PCR, we
sorted microglia from a separate cohort of mice and isolated RNA as
described above. Fifty nanograms of RNA was reverse-transcribed to
cDNA using the High-capacity cDNA Reverse Transcription kit
(4368814; Thermo Fisher Scientific), which was then amplified with
TaqMan Fast AdvancedMasterMix (4444557; Thermo Fisher Scientific)
on an Applied Biosystems QuantStudio 12K Flex thermocycler. The
probes used were Ccr1l1 (Mm00432606_s1), H2-Aa (Mm00439211_m1),
Klf2 (Mm00500486_g1), S100a8 (Mm00496696_g1), Egr1 (Mm00656724_m1),
Trem2 (Mm04209424_g1), and Gapdh (Mm99999915_g1). Gene expression
within each sample was normalized to Gapdh and then to group
average expression in WTmice. Samples are plotted individually and
with their mean ± SEM.
RNA-seq data analysis
The raw sequencing data were first analyzed using an in-house data-
processing pipeline consisting of STAR (Dobin et al, 2013) and RSEM (Li
& Dewey, 2014). Raw count files were aligned to mouse genome build
mm10 using STAR and transcripts quantified with RSEM; in general, the
uniquemapping ratewas >80%. The PCAwas performed on the top 500
most variable genes after variance stabilizing transformation in
DESeq2 (Love et al, 2014). Outliers were removed based on the first
three principal components of the normalized and transformed count
data. As illustrated in Fig 3B, three samples from LPS-injected mice
(oneWT, oneHet, and one KO) shown in circleswith a PC1 value around
25 clustered with saline-injected samples in squares, thus, were re-
moved from subsequent analysis. The DEGs were calculated in DESeq2
by applying an additivemodel incorporating all the design factors (age,
gender, and genotype) wherever applicable. Genes were considered
significantly different between comparisons if they were expressed at
greater than four transcripts per million mapped reads (TPMs) (av-
erage of all samples), they had at least 30% difference in fold change,
and the false discovery rate (FDR) was less than 0.05. Analysis for each
manipulation was carried out separately to avoid batch effects.
Heatmap visualizations of the DEGs were made by using custom R
scripts based on ComplexHeatmap (Gu et al, 2016). Overlap between
gene sets was carried out with R VennDiagram package. Pathways
enrichment analysis was performed with gene ontology as imple-
mented in Illumina’s BaseSpace Correlation Engine.
ChIP-seq library preparation, sequencing, and data analysis
ChIP-seq libraries were prepared from recovered DNA by blunting,
A-tailing, and adapter ligation using barcoded adapters (NextFlex;
Bioo Scientific) as previously described (Heinz et al, 2010; Gosselin
et al, 2014). Libraries were PCR-amplified for 12–15 cycles and size
selected for fragments (225–400 bp) by gel extraction (10% Tris-
boric acid-EDTA gels, EC62752BOX; Life Technologies). Libraries
were single-end sequenced for 51 cycles, with an average se-
quence depth >20 million on an Illumina HiSeq 4000 or NextSeq
500 platform (Illumina) according to the manufacturer’s in-
structions. The raw Rbp2 or H3K27Ac ChIP sequences weremapped
to mm10 genome by Bowtie 2 (Langmead & Salzberg, 2013). Only
uniquely mapped reads (>70%) were considered for downstream
analyses. The peaks were called by HOMER (Heinz et al, 2010). The
IDR (Li et al, 2011) was applied to extract confident peaks between
replicates. Raw read numbers were quantified for peaks located
1,000 bp up- or down-stream of the transcription start site, and
the peaks with less than four reads were removed. DESeq2 (Love
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et al, 2014) was used to identify differential chromatin binding
between Cx3cr1-KO and -WTmice. Binding/peaks were considered
significantly different between comparisons if they had at least
twofold difference in fold change and IDR less than 0.05. Two
independent samples, each consisting of pooled microglia from
three animals, were analyzed for each genotype.
Analysis of microglial morphology
Young (2 mo) or aged (18–24 mo) Cx3cr1+/+ or Cx3cr1eGFP/eGFP mice
were euthanized by CO2 asphyxiation, transcardially perfused with
ice-cold PBS, and the brains were dissected out and cut into left
and right hemisphere. One brain hemisphere was flash-frozen in
liquid nitrogen, and the other was fixed in 10% neutral buffered
formalin. After 48–72 h, formalin-fixed hemispheres were embed-
ded in paraffin. Blocks were trimmed, and sections discarded until a
level of 1.2 mm lateral of midline was reached. At that level, one
section was collected for dual immunohistochemistry with Pu.1/
Iba1 (Iba1: rabbit polyclonal; Wako, 0.25 μg/ml; Pu.1: rabbit mono-
clonal; Cell Signaling Technology, 5.96 μg/ml). Slides were scanned
on a 3D-Histech Pannoramic-250 whole slide scanner and imported
into Viosiopharm image analysis software. Tissue regions were
manually annotated by a blinded analyst. A custom image analysis
algorithm was designed to identify Pu.1-immunoreactive nuclei,
their associated Iba1 immunoreactive microglial processes, and all
other Iba1 immunoreactivity present in each tissue region. The cell
soma were identified as Pu.1-positive when pixel intensity sur-
passed a minimum threshold. All contiguous Iba1 immunoreactivity
within a 2-μm radius of a Pu.1-positive nucleus was defined as its
microglial processes. The Iba1 immunoreactive area not directly
attributed to a Pu.1-positive nucleus was defined as non-process
Iba1. The computer-based algorithm quantified the areas, count,
and perimeters of all identified cell features, for each brain region.
Here, we report the number of Iba1+/Pu.1+ objects as the number of
microglia per imaged area, the total Iba1-immunoreactive area per
Pu.1+ nucleus, the area of Iba1+ processes attached to a Pu.1+ nu-
cleus as microglial process area, and the perimeter of Iba1+ pro-
cessed attached to a Pu.1+ nucleus as the microglial process
perimeter. In general, in young WT mice, a lower process area is
associated with a more homeostatic phenotype, whereas an in-
creased process area is associated with microglial activation.
The data were graphed by grouping animals by age and geno-
type; each point in the dot plots represents an individual animal.
Statistical significance was determined by two-way ANOVA for the
main effect of age or genotype (or their interaction), followed by
pairwise comparisons between all groups with Tukey’s post hoc
test. Statistical significance on Tukey’s test is indicated in the
figures as *P < 0.05, **P < 0.01, ***P < 0.001, or ****P < 0.0001.
Data availability
Raw sequencing files for the RNA-seq and ChIP-seq data sets are
available at Gene Expression Omnibus (GSE131869 and GSE130960).
Additional quality control plots and interactive data exploration tools
built by QuickRNASeq pipeline (Zhao et al, 2016) are available for readers
to generate boxplot, heatmap, and correlation plot on any genes of
interest at https://baohongz.github.io/Cx3cr1-deficient-mice_microglia/.
Please follow theusermanual (http://baohongz.github.io/QuickRNASeq/
guide.html) to take the full advantage of this shared resource including
gene matrix tables in count, reads per kilobase of transcript per million
mapped reads, and TPM measures and associated visualization widgets.
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Author Contributions
S Gyoneva: conceptualization, data curation, formal analysis, vi-
sualization, methodology, and writing—original draft, review, and
editing.
R Hosur: formal analysis, visualization, and writing—original draft.
D Gosselin: data curation, formal analysis, visualization, and wri-
ting—original draft.
B Zhang: software, formal analysis, visualization, and writing—
review and editing.
Z Ouyang: formal analysis, visualization, and writing—original draft.
AC Cotleur: data curation, methodology, and writing—original draft.
M Peterson: data curation, formal analysis, visualization, and
writing—original draft.
N Allaire: methodology.
R Challa: data curation, methodology, and writing—original draft.
P Cullen: data curation, methodology, and writing—original draft.
C Roberts: resources and supervision.
K Miao: data curation and writing—original draft.
TL Reynolds: formal analysis, supervision, visualization, and
writing—original draft.
CK Glass: conceptualization, supervision, and writing—original draft.
L Burkly: conceptualization, supervision, and writing—original draft.
RM Ransohoff: conceptualization, supervision, and writing—original
draft, review, and editing.
Conflict of interest
Funding for this work was provided by Biogen as employee compensation
(including stock options) or sponsored research agreement.
References
Araki T, Milbrandt J (1996) Ninjurin, a novel adhesion molecule, is induced by
nerve injury and promotes axonal growth. Neuron 17: 353–361.
doi:10.1016/s0896-6273(00)80166-x
Ayata P, Badimon A, Strasburger HJ, Duff MK, Montgomery SE, Loh YHE, Ebert
A, Pimenova AA, Ramirez BR, Chan AT, et al (2018) Epigenetic
regulation of brain region-specific microglia clearance activity. Nat
Neurosci 21: 1049–1060. doi:10.1038/s41593-018-0192-3
Bachstetter AD, Morganti JM, Jernberg J, Schlunk A, Mitchell SH, Brewster KW,
Hudson CE, Cole MJ, Harrison JK, Bickford PC, et al (2011) Fractalkine
and CX3CR1 regulate hippocampal neurogenesis in adult and aged
rats. Neurobiol Aging 32: 2030–2044. doi:10.1016/
j.neurobiolaging.2009.11.022
Premature aging in Cx3cr1-KO microglia Gyoneva et al. https://doi.org/10.26508/lsa.201900453 vol 2 | no 6 | e201900453 14 of 16
Bennett FC, Bennett ML, Yaqoob F, Mulinyawe SB, Grant GA, Gephart MH,
Plowey ED, Barres BA (2018) A combination of ontogeny and CNS
environment establishes microglial identity. Neuron 98: 1170–1183.
doi:10.1016/j.neuron.2018.05.014
Bhaskar K, Konerth M, Kokiko-Cochran ON, Cardona A, Ransohoff RM, Lamb
BT (2010) Regulation of tau pathology by the microglial fractalkine
receptor. Neuron 68: 19–31. doi:10.1016/j.neuron.2010.08.023
Bolós M, Perea JR, Terreros-Roncal J, Pallas-Bazarra N, Jurado-Arjona J, A´vila J,
Llorens-Martı´n M (2017) Absence of microglial CX3CR1 impairs the
synaptic integration of adult-born hippocampal granule neurons.
Brain Behav Immun 68: 1–14. doi:10.1016/j.bbi.2017.10.002
Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G,
Koeglsperger T, Dake B, Wu PM, Doykan CE, et al (2014) Identification of
a unique TGF-b–dependent molecular and functional signature in
microglia. Nat Neurosci 17: 131–143. doi:10.1038/nn.3599
Buttgereit A, Lelios I, Yu X, Vrohlings M, Krakoski NR, Gautier EL,
Nishinakamura R, Becher B, Greter M (2016) Sall1 is a transcriptional
regulator defining microglia identity and function. Nat Immunol 17:
1397–1406. doi:10.1038/ni.3585
Cardona AE, Pioro EP, Sasse ME, Kostenko V, Cardona SM, Dijkstra IM, Huang
DR, Kidd G, Dombrowski S, Dutta R, et al (2006) Control of microglial
neurotoxicity by the fractalkine receptor. Nat Neurosci 9: 917–924.
doi:10.1038/nn1715
Casano AM, Peri F (2015) Microglia: Multitasking specialists of the brain. Dev
Cell 32: 469–477. doi:10.1016/j.devcel.2015.01.018
Chiu IM, Morimoto ETA, Goodarzi H, Liao JT, Keeffe SO, Phatnani HP, Muratet M,
Carroll MC, Levy S, Tavazoie S, et al (2013) A neurodegeneration-
specific gene-expression signature of acutely isolated microglia from
an amyotrophic lateral sclerosis mouse model. Cell Rep 4: 385–401.
doi:10.1016/j.celrep.2013.06.018
Das H, Kumar A, Lin Z, Patino WD, Hwang PM, Feinberg MW, Majumder PK, Jain
MK (2006) Kruppel-like factor 2 (KLF2) regulates proinflammatory
activation of monocytes. Proc Natl Acad Sci U S A 103: 6653–6658.
doi:10.1073/pnas.0508235103
de Bruin RG, van der Veer EP, Prins J, Lee DH, Dane MJC, Zhang H, Roeten MK,
Bijkerk R, de Boer HC, Rabelink TJ, et al (2016) The RNA-binding protein
quaking maintains endothelial barrier function and affects VE-
cadherin and β-catenin protein expression. Sci Rep 6: 21643.
doi:10.1038/srep21643
Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson
M, Gingeras TR (2013) STAR: Ultrafast universal RNA-seq aligner.
Bioinformatics 29: 15–21. doi:10.1093/bioinformatics/bts635
Erny D, Hrabe de Angelis AL, Jaitin D, Wieghofer P, Staszewski O, David E,
Keren-Shaul H, Mahlakoiv T, Jakobshagen K, Buch T, et al (2015) Host
microbiota constantly control maturation and function of microglia in
the CNS. Nat Neurosci 18: 965–977. doi:10.1038/nn.4030
Erturk A, Mentz S, Stout EE, Hedehus M, Dominguez SL, Neumaier L, Krammer
F, Llovera G, Srinivasan K, Hansen DV, et al (2016) Interfering with the
chronic immune response rescues chronic degeneration after
traumatic brain injury. J Neurosci 36: 9962–9975. doi:10.1523/
jneurosci.1898-15.2016
Febinger HY, Thomasy HE, Pavlova MN, Ringgold KM, Barf PR, George AM,
Grillo JN, Bachstetter AD, Garcia JA, Cardona AE, et al (2015) Time-
dependent effects of CX3CR1 in a mouse model of mild traumatic
brain injury. J Neuroinflammation 12: 154. doi:10.1186/s12974-015-
0386-5
Friedman BA, Srinivasan K, Ayalon G, Meilandt WJ, Lin H, Huntley MA, Cao Y,
Lee SH, Haddick PCG, Modrusan Z, et al (2018) Diverse brain myeloid
expression profiles reveal distinct microglial activation states and
aspects of Alzheimer’s disease not evident in mouse models. Cell Rep
22: 832–847. doi:10.1016/j.celrep.2017.12.066
Fumagalli S, Perego C, Ortolano F, De Simoni M (2013) CX3CR1 deficiency
induces an early protective inflammatory environment in ischemic
mice. Glia 61: 827–842. doi:10.1002/glia.22474
Garre´ JM, Silva HM, Lafaille JJ, Yang G (2017) CX3CR1+monocytes modulate
learning and learning-dependent dendritic spine remodeling via
TNF-α. Nat Med 23: 714–722. doi:10.1038/nm.4340
Goldmann T, Wieghofer P, Müller PF, Wolf Y, Varol D, Yona S, Brendecke SM,
Kierdorf K, Staszewski O, Datta M, et al (2013) A new type of microglia
gene targeting shows TAK1 to be pivotal in CNS autoimmune
inflammation. Nat Neurosci 16: 1618–1626. doi:10.1038/nn.3531
Gosselin D, Link VM, Romanoski CE, Fonseca GJ, Eichenfield DZ, Spann NJ,
Stender JD, Chun HB, Garner H, Geissmann F, et al (2014) Environment
drives selection and function of enhancers controlling tissue-specific
macrophage identities. Cell 159: 1327–1340. doi:10.1016/
j.cell.2014.11.023
Grabert K, Michoel T, Karavolos MH, Clohisey S, Baillie JK, Stevens MP,
Freeman TC, Summers KM, McColl BW (2016) Microglial brain
region−dependent diversity and selective regional sensitivities to
aging. Nat Neurosci 19: 504–516. doi:10.1038/nn.4222
Gu Z, Eils R, Schlesner M (2016) Complex heatmaps reveal patterns and
correlations in multidimensional genomic data. Bioinformatics 32:
2847–2849. doi:10.1093/bioinformatics/btw313
Hanamsagar R, Alter MD, Block CS, Sullivan H, Bolton JL, Bilbo SD (2017)
Generation of a microglial developmental index in mice and in
humans reveals a sex difference inmaturation and immune reactivity.
Glia 65: 1504–1520. doi:10.1002/glia.23176
Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C,
Singh H, Glass CK (2010) Simple combinations of lineage-determining
transcription factors prime cis-regulatory elements required for
macrophage and B cell identities. Mol Cell 38: 576–589. doi:10.1016/
j.molcel.2010.05.004
Hickman S, Izzy S, Sen P, Morsett L, El Khoury J (2018) Microglia in
neurodegeneration. Nat Neurosci 21: 1359–1369. doi:10.1038/s41593-
018-0242-x
Hickman SE, Kingery ND, Ohsumi TK, Borowsky ML, Wang L, Means TK, El
Khoury J (2013) The microglial sensome revealed by direct RNA
sequencing. Nat Neurosci 16: 1896–1905. doi:10.1038/nn.3554
Holtman IR, Skola D, Glass CK (2017) Transcriptional control of microglia
phenotypes in health and disease. J Clin Invest 127: 3220–3229.
doi:10.1172/jci90604
Jung S, Aliberti J, Graemmel P, SunshineMJ, Kreutzberg GW, Sher A, Littman DR
(2000) Analysis of fractalkine receptor CX3CR1 function by targeted
deletion and green fluorescent protein reporter gene insertion. Mol
Cell Biol 20: 4106–4114. doi:10.1128/mcb.20.11.4106-4114.2000
Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-natan O, Dvir-szternfeld R,
Ulland TK, David E, Baruch K, Lara-Astaiso D, Toth B, et al (2017) A
unique microglia type associated with restricting development of
Alzheimer’s disease. Cell 169: 1276–1290. doi:10.1016/j.cell.2017.05.018
Kuro-o M, Matsumura Y, Aizawa H, Kuwaguchi H, Suga T, Ohyama Y,
Kurabayashi M, Kaname T, Kume E, Iwasaki H, et al (1997) Mutation of
the mouse klotho gene leads to a syndrome resembling ageing.
Nature 390: 45–51. doi:10.1038/36285
Langmead B, Salzberg SL (2013) Fast gapped-read alignment with Bowtie 2.
Nat Methods 9: 357–359. doi:10.1038/nmeth.1923
Lee S, Varvel NH, Konerth ME, Xu G, Cardona AE, Ransohoff RM, Lamb BT (2010)
CX3CR1 deficiency alters microglial activation and reduces beta-
amyloid deposition in two Alzheimer’s disease mouse models. Am J
Pathol 177: 2549–2562. doi:10.2353/ajpath.2010.100265
Lee S, Xu G, Jay TR, Bhatta S, Kim KW, Jung S, Landreth GE, Ransohoff RM, Lamb
BT (2014) Opposing effects of membrane-anchored CX3CL1 on amyloid
and tau pathologies via the p38 MAPK pathway. J Neurosci 34:
12538–12546. doi:10.1523/jneurosci.0853-14.2014
Premature aging in Cx3cr1-KO microglia Gyoneva et al. https://doi.org/10.26508/lsa.201900453 vol 2 | no 6 | e201900453 15 of 16
Li B, Dewey CN (2014) RSEM: Accurate transcript quantification from RNA-seq
data with or without a reference genome. BMC Bioinformatics 12: 323.
doi:10.1186/1471-2105-12-323
Li Q, Brown JB, Huang H, Bickel PJ (2011) Measuring reproducibility of high-
throughput experiments. Ann Appl Stat 5: 1752–1779. doi:10.1214/11-
aoas466
Liu Z, Condello C, Schain A, Harb R, Grutzendler J (2010) CX3CR1 in microglia
regulates brain amyloid deposition through selective protofibrillar
amyloid-β phagocytosis. J Neurosci 30: 17091–17101. doi:10.1523/
jneurosci.4403-10.2010
Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol 15: 550.
doi:10.1186/s13059-014-0550-8
Lyons A, Lynch AM, Downer EJ, Hanley R, O’Sullivan JB, Smith A, Lynch MA
(2009) Fractalkine-induced activation of the phosphatidylinositol-3
kinase pathway attentuates microglial activation in vivo and in vitro. J
Neurochem 110: 1547–1556. doi:10.1111/j.1471-4159.2009.06253.x
Niess JH, Brand S, Gu X, Landsman L, Jung S, McCormick BA, Vyas JM, Boes M,
Ploegh HL, Fox JG, et al (2005) CX3CR1-mediated dendritic cell access
to the intestinal lumen and bacterial clearance. Science 307: 254–259.
doi:10.1126/science.1102901
Olah M, Patrick E, Villani A-C, Xu J, White CC, Ryan KJ, Piehowski P, Kapasi A,
Nejad P, Cimpean M, et al (2018) A transcriptomic atlas of aged human
microglia. Nat Commun 9: 539. doi:10.1038/s41467-018-02926-5
Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, Giustetto
M, Ferreira TA, Guiducci E, Dumas L, et al (2011) Synaptic pruning by
microglia is necessary for normal brain development. Science 333:
1456–1458. doi:10.1126/science.1202529
Parkhurst CN, Yang G, Ninan I, Savas JN, Yates, JR III, Lafaille JJ, Hempstead BL,
Littman DR, Gan W (2013) Microglia promote learning-dependent
synapse formation through brain-derived neurotrophic factor. Cell
155: 1596–1609. doi:10.1016/j.cell.2013.11.030
Poliani PL, Wang Y, Fontana E, Robinette ML, Yamanishi Y, Gilfillan S, Colonna
M (2015) TREM2 sustains microglial expansion during aging and
response to demyelination. J Clin Invest 125: 2161–2170. doi:10.1172/
jci77983
Ransohoff RM (2016) How neuroinflammation contributes to
neurodegeneration. Science 353: 168–175. doi:10.1126/science.aag2590
Reshef R, Kudryavitskaya E, Shani-Narkiss H, Isaacson B, Rimmerman N,
Mizrahi A, Yirmiya R (2017) The role of microglia and their CX3CR1
signaling in adult neurogenesis in the olfactory bulb. Elife 6: e30809.
doi:10.7554/elife.30809
Rimmerman N, Schottlender N, Reshef R, Dan-Goor N, Yirmiya R (2017) The
hippocampal transcriptomic signature of stress resilience in mice
with microglial fractalkine receptor (CX3CR1) deficiency. Brain Behav
Immun 61: 184–196. doi:10.1016/j.bbi.2016.11.023
Roberts AW, Lee BL, Deguine J, John S, Shlomchik MJ, Barton GM (2017) Tissue-
resident macrophages are locally programmed for silent clearance of
apoptotic cells. Immunity 47: 913–927.e6. doi:10.1016/
j.immuni.2017.10.006
Rogers JT, Morganti JM, Bachstetter AD, Hudson CE, Peters MM, Grimmig BA,
Weeber EJ, Bickford PC, Gemma C (2011) CX3CR1 deficiency leads to
impairment of hippocampal cognitive function and synaptic
plasticity. J Neurosci 31: 16241–16250. doi:10.1523/jneurosci.3667-
11.2011
Sellner S, Paricio-Montesinos R, Spieβ A, Masuch A, Erny D, Harsan LA,
Elverfeldt DV, Schwabenland M, Biber K, Staszewski O, et al (2016)
Microglial CX3CR1 promotes adult neurogenesis by inhibiting Sirt
1/p65 signaling independent of CX3CL1. Acta Neuropathol Commun 4:
102. doi:10.1186/s40478-016-0374-8
Sorge RE, Mapplebeck JCS, Rosen A, Beggs S, Taves S, Alexander JK, Martin LJ,
Austin JS, Sotocinal SG, Chen D, et al (2015) Different immune cells
mediate mechanical pain hypersensitivity in male and female mice.
Nat Neurosci 18: 1081–1083. doi:10.1038/nn.4053
Thion MS, Low D, Silvin A, Chen J, Grisel P, Schulte-Schrepping J, Biecher R,
Ulas T, Squarzoni P, Hoeffel G, et al (2018a) Microbiome influences
prenatal and adult microglia in a sex-specific manner. Cell 172:
500–516. doi:10.1016/j.cell.2017.11.042
Thion MS, Ginhoux F, Garel S (2018b) Microglia and early brain development:
An intimate journey. Science 362: 185–189. doi:10.1126/science.aat0474
Wendeln AC, Degenhardt K, Kaurani L, Gertig M, Ulas T, Jain G, Wagner J, Hasler
LM, Wild K, Skodras A, et al (2018) Innate immune memory in the brain
shapes neurological disease hallmarks. Nature 556: 332–338.
doi:10.1038/s41586-018-0023-4
Xavier AL, Menezes JRL, Goldman SA, Nedergaard M (2014) Fine-tuning the
central nervous system: Microglial modelling of cells and synapses.
Philos Trans R Soc Lond B Biol Sci 369: 20130593. doi:10.1098/
rstb.2013.0593
Xiao F, Xu J, Jiang X (2015) CX3 chemokine receptor 1 deficiency leads to
reduced dendritic complexity and delayed maturation of newborn
neurons in the adult mouse hippocampus. Neural Regen Res 10:
772–777. doi:10.4103/1673-5374.169610
Zanier ER, Marchesi F, Ortolano F, Perego C, Arabian M, Zoerle T, Sammali E,
Pischiutta F, De Simoni MG (2016) Fractalkine receptor deficiency is
associated with early protection but late worsening of outcome
following brain trauma in mice. J Neurotrauma 33: 1060–1072.
doi:10.1089/neu.2015.4041
Zhan Y, Paolicelli RC, Sforazzini F, Weinhard L, Bolasco G, Pagani F, Vyssotski
AL, Bifone A, Gozzi A, Ragozzino D, et al (2014) Deficient neuron-
microglia signaling results in impaired functional brain connectivity
and social behavior. Nat Neurosci 17: 400–406. doi:10.1038/nn.3641
Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe S, Phatnani HP,
Guarnieri P, Caneda C, Ruderisch N, et al (2014) An RNA-sequencing
transcriptome and splicing database of glia, neurons, and vascular
cells of the cerebral cortex. J Neurosci 34: 11929–11947. doi:10.1523/
jneurosci.1860-14.2014
Zhao S, Xi L, Quan J, Xi H, Zhang Y, von Schack D, Vincent M, Zhang B (2016)
QuickRNASeq lifts large-scale RNA-seq data analyses to the next level
of automation and interactive visualization. BMC Genomics 17: 1–15.
doi:10.1186/s12864-015-2356-9
License: This article is available under a Creative
Commons License (Attribution 4.0 International, as
described at https://creativecommons.org/
licenses/by/4.0/).
Premature aging in Cx3cr1-KO microglia Gyoneva et al. https://doi.org/10.26508/lsa.201900453 vol 2 | no 6 | e201900453 16 of 16
